This study intends to find out the correlation between the cover depth and the bond characteristics of UHPC through pull-out tests of UHPC specimens with different cover depths and bond tests of rebar using flexural members. In this experimental study, specimens are fabricated with the lap-splice length as test variable in relation with the calculation of the lap-splice length for 180-MPa UHPC. Moreover, specimens are also fabricated with the cover depth as test variable to evaluate the effect of the cover depth on the UHPC flexural members. The load-displacement curves are analyzed for each of these test variables to compute the lap-splice length proposed in the K-UHPC structural design guideline and to evaluate the influence of the cover depth on the flexural members. As a result, the stability of the structural behavior can be significantly enhanced by increasing slightly the cover depth specification of the current UHPC Structure Design Guideline from the maximum value between 1.5 times of rebar diameter and 20 mm to the maximum value between 1.5 times of rebar diameter and 25 mm.
Introduction
Ultra-high performance concrete (UHPC) was developed to provide superior structural and durable perfor-* Corresponding author. mances like material strength of concrete, resistance to chloride and water permeability following the everincreasing enlargement in length and height of the structures. UHPC develops high compressive strength by modifying the constitutive materials, mix proportions and curing conditions and exhibits improved tensile strength by the admixing of steel fiber. This means that, unlike conventional concrete, the existing structure design codes cannot reflect the characteristics of UHPC [1] . Accordingly, studies are performed on the various behavioral characteristics of UHPC for its application in real structures [2] - [6] . The Korea Institute of Civil Engineering and Building Technology (KICT) developed the K-UHPC and published a dedicated structural design guideline based upon a series of experiments and analyses [7] , which made it possible to design economical sections exploiting the outstanding material performance of UHPC.
For members made of normal strength concrete, the bond characteristics between the rebar and concrete are well-known through numerous studies since the efficient transmission of the tensile forces and the control of crack by the rebar is a critical matter in the design [7] - [13] . Besides, diversified studies were conducted to reflect appropriately the outstanding bond performance and tensile strength of UHPC in the design [2] [3] [5] [6] [14] [15] .
Recalling that the rebar lap-splice length is inversely proportional to the square-root of the compressive strength of concrete, the minimum lap-splice length shortens for the rebar installed in UHPC because of its high compressive strength. This makes the calculation of the lap-splice length proposed by the current Structural Concrete Design Code inapplicable for UHPC [3] [7] . Accordingly, need is to suggest a design method for the lap-splice length fitted to the characteristics of UHPC. In addition, the required minimum concrete cover depth should also be calculated by another approach due to the dense structure of UHPC and its remarkable bond performance. In Japan, the minimum cover depth of UHPC is limited to 1.5 times the diameter of the rebar, which is significantly smaller than in normal concrete and increases the risk of splitting to occur along the flexuraltensile rebar at the bottom of the UHPC flexural member. This implies that adequate minimum cover depth must be suggested in the design guideline to secure the structural stability [16] .
Accordingly, this study intends to find out the correlation between the cover depth and the bond characteristics of UHPC through pull-out tests of UHPC specimens with different cover depths and bond tests of rebar using flexural members. In this experimental study, specimens are fabricated with the lap-splice length as test variable in relation with the calculation of the lap-splice length for 180-MPa UHPC. Moreover, specimens are also fabricated with the cover depth as test variable to evaluate the effect of the cover depth on the UHPC flexural members. The load-displacement curves are analyzed for each of these test variables to compute the lap-splice length proposed in the K-UHPC structural design guideline and to evaluate the influence of the cover depth on the flexural members.
Test Method and Setting of Test Variables

Selection of Test Variables
Concrete develops higher bond performance as much as it is reinforced by fiber or its tensile strength is high. Equation (1) expressing the formula for the computation of the lap-splice length proposed by the current Structural Concrete Design Code cannot be applied for high performance or high strength concretes like UHPC.
where db l = basic lap-splice length (mm); b d = nominal diameter of rebar, steel wire or prestressing steel strand (mm); y f = design yield strength of rebar (MPa); and, ck f = design compressive strength of concrete (MPa).
In the Structural Concrete Design Code, Equation (1) limits the effect of the compressive strength of concrete to 70 MPa, which is obviously inappropriate to reflect the bond performance of UHPC. Kook et al. [3] proposed the following design formula for the minimum lap-splice length of the rebar based upon on an experimental study evaluating the bond performance of UHPC.
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The experimental results of Kook et Figure 1 compares the lapsplice lengths according to the diameter of the deformed rebar based on the formulae proposed by the Structural Concrete Design Code and former studies.
The minimum lap-splice length prescribed by the current Design Guideline of UHPC is seen to provide sufficient safety margin. Besides, pull-out test is also carried out to observe the effect of the cover depth. With reference to the specifications proposed by RILEM, the specimens were fabricated with length of 100 mm (D10), 150 mm (D13, D16), and 200 mm (D19, D22) according to the rebar diameter and bond test specimens with bond lengths 1.0, 1.5, 2.0 and 3.0 times the diameter of the rebar were fabricated. Table 1 arranges each variable related to the bond specimens and the pull-out test plan.
The K-UHPC flexural members adopt thinner cover depth than the members made of normal concrete. Such condition is likely to be unfavorable in term of the bond of the rebar in case of flexural deformation. Accordingly, it would be recommendable to assess the appropriateness of the lap-splice length considering the flexural bond characteristics of the rebar in flexural members in addition to the results of the pull-out test. This approach analyzing additionally the flexural bond characteristics has been widely adopted in previous studies related to normal strength concrete or high strength concrete [17] - [20] .
For the evaluation of the flexural bond characteristics of UHPC, a total of 19 specimens were fabricated considering the rebar diameter ( b d ), the cover depth ratio ( The design compressive strength of UHPC being 180 MPa, the strength measured at 28 days was applied as the strength of the specimens. Table 2 lists the characteristics per type of specimen with respect to the test variables chosen for the flexural bond test. Table 3 presents the mix proportions of UHPC applied for the evaluation of the bond characteristics. The waterto-binder ratio (W/B) is 0.2. Silica fume with specific surface area of 200,000 g/m 2 and SiO 2 content larger than 96% is adopted as reactive powder. Polycarbonate superplasticizer in liquid form is used. Steel fiber with tensile strength of 2500 MPa, diameter of 0.2 mm and length of 13 mm is admixed in 2% volume fraction. Bars with grade of 400 MPa and diameter of 13 and 19 mm are used to reinforce UHPC. It was used for K-UHPC (180 MPa) developed by the Korea Institute of Civil Engineering and Building Technology.
Mix Proportions and Fabrication of K-UHPC
The UHPC with the mix proportions of Table 3 was placed and subject to wet curing at room temperature during about 24 hours immediately after placing. Then, UHPC was completed by steam curing at 90˚C during 2 
Installation and Testing Method of Rebar Pull-Out Test Specimens
Pull-out test of the rebar was performed according to the method suggested by RILEM and considering the specificity of K-UHPC [21] . Note that the bond length of 5.0 times the rebar diameter (5.0 d s ) prescribed by RILEM refers to ordinary concrete. A previous experimental study applied a bond length of 5.0 d s but the final bond performance could not be verified because of the rebar yielded before bond failure. Here, pull-out test is performed to determine the minimum cover depth and the minimum bond length of the deformed bar in K-UHPC.
To that goal, cubic specimens were fabricated using K-UHPC with design compressive strength of 180 MPa. D10, D13, D16, D19, D22 were embedded in the specimens with lengths corresponding to 1.5, 2.0 and 3.0 times the diameter of the rebar. Figure 2 presents the specimens and the pull-out test using a 100-ton UTM.
Installation and Testing Method of Flexural Bond Test Specimens
Lee et al. [20] utilized a cantilevered flexural member to evaluate the flexural bond behavior characteristics of the rebar. However, considering the 180-MPa strength of UHPC, this study applies the method adopted by Jung et al. [19] with partial modification. Figure 3 shows the fabricated specimen in which the deformed bar is arranged in the tensile zone to assess the anchoring capacity and the relation between the displacement and the ductility according to the change in the cover depth with different lap-splice lengths. The cover depth, c, on the lateral and top faces of the lap splice is increased regularly to 1.0, 2.0 and 3.0 times the diameter of the rebar. In the Structural Concrete Design Code, the formula computing the lap-splice length limits the effect of the compressive strength of concrete to 70 MPa and is thus inappropriate to reflect the bond performance of K-UHPC. Accordingly, the minimum lap-splice length corresponding to 5.5 times the rebar diameter proposed in the K-UHPC Structure Design Guideline together with shorter lengths of 2.2, 3.0 and 4.0 times the rebar diameter are chosen for the lap-splice lengths of the flexural members. The consideration of various lap-splice lengths was dictated by the will to evaluate the effect of the concrete cover depth when adopting identical lap-splice length.
A displacement control-type 200-ton actuator manufactured for the test was used to apply the load and for the measurement. As shown in Figure 4 , the displacement of the specimen was measured by means of a LVDT installed below the loading zone and strain gauges were attached on the loaded zone to measure the strain of the reinforcing bars. LVDTs were also disposed at the free end to measure the slip between the bars and concrete. Figure 5 shows the before and after flexural test specimen.
Test Results and Analysis
Analysis of Pull-Out Test Results
Pull-out test was performed to evaluate the bond characteristics between K-UHPC and the rebar. Table 4 arranges the test results. It can be seen that the bond behavior varies according to the bond length and that the bond stress shows different distribution with respect to the rebar length. The average bond stress (u) between the rebar and concrete is computed by Equation (3) using the stress ( s f ) developed in the rebar during loading or using the applied load (P) divided by the bond area.
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where b A = cross-sectional area of rebar (mm 2 ); s f = stress developed in rebar during loading (MPa); b d = diameter of rebar (mm); and, s l = bond length (mm). In view of the bond test results, nearly all of the specimens with bond length 3 times the rebar diameter (3 d s ) experienced yielding of the rebar first without bond failure. The specimens with bond length of 2 d s also experienced yielding of a part of their reinforcing bars. Bond slip occurred and failure progressed in the case where the bond length was equal to the rebar diameter. The increase of the bond length from 1 d s to 2 d s resulted in the significant increase of the maximum load but the increase of the bond length to 3 d s did not provide noteworthy difference in the maximum load.
The bond stress tended to reduce with larger rebar diameter. The largest bond stress was developed in the D13 rebar for the bond length of 1 d s while similar results were observed for the other cases. This indicates that smaller rebar diameter is favorable for the development of the bond stress but without noticeable difference. For the specimens with relatively thinner cover depth, the results showed large variation in the specimens with the same variables. The results showed that the expected improvement of the performance could not be achieved when the cover depth was not completely secured even if the lap-splice length was increased. Table 5 arranges the results of the flexural tensile test of UHPC. Figure 6 plots the load-displacement curves for the evaluation of the effect of the lap-splice length in the UHPC flexural members. The deflection curves are drawn by defining the maximum deflection as the deflection at 85% of the critical load. Figure 7 compares the lap splice lengths enabling to achieve the performance of the rebar in UHPC.
Effect of Lap-Splice Length of UHPC Flexural Members
Apart from specimen CR with cover depth 1.5 times the rebar diameter, all the specimens with rebar D13 showed stable performance by resisting to slightly larger maximum load as much as the lap-splice length was The minimum lap-splice length corresponding to 5.5 times the rebar diameter prescribed by the current UHPC Structure Design Guideline appears to provide sufficient safety margin of 250% compared to the case with 2.2 times the rebar diameter derived from the test results. Besides, compared to D19-specimens applying a minimum cover depth of 28.7 mm, the D13-specimens with cover depth of 20 mm exhibit unstable performance without consistency in the change of the maximum resisting load even when the lap-splice length is enlarged. This indicates that even if the minimum lap-splice length is prescribed to provide sufficient safety margin, the minimum cover depth corresponding to 1.5 times the rebar diameter in the case of small rebar diameter fails to achieve satisfactory flexural performance. Figure 8 plots the load-displacement curves for evaluating the effect of the cover depth in the UHPC flexural members. The deflection curves are drawn with respect to the load and by defining the maximum displacement as the deflection corresponding to 85% of the final value. In view of the load-displacement curves of the specimens exhibiting different cover depths, it appears that the load bearing capacity and the ductility capacity improve with larger cover depth. Figure 9 compares the minimum cover depths enabling to achieve the performance of the rebar in UHPC. Recall that CR designates the specimen with cover depth 1.5 times the rebar diameter corresponding to the minimum cover depth specified in the current UHPC Structure Design Guideline, and that C2 and C3 represent respectively the specimens with cover depth 2.0 times and 3.0 times the rebar diameter. The comparison of the results reveals that the load bearing capacity and ductile capacity start to converge from specimens C2 to show clearly stable behavior of the flexural members. Specimens C3 do not exhibit significant improvement of the load bearing capacity and ductile capacity compared to the increase of the cover depth.
Effect of Cover Depth of UHPC Flexural Members
In view of the comparison between the specimens reinforced by D13 bars with cover depth of 20 mm and the specimens reinforced by D19 bars with cover depth of 28.7 corresponding to 1.5 times of rebar diameter according to the current UHPC Structure Design Guideline (maximum value between 1.5 times of rebar diameter and 20 mm), the D13-specimens with the smaller absolute value of the cover depth fail to develop stable behavior even if they secure sufficient lap-splice length. Besides, the D19-specimens exhibit stable behavior compared to the D13-specimens even if they apply a cover depth corresponding to 1.5 times of rebar diameter as specified in the current UHPC Structure Design Guideline. This indicates that the stability of the structural behavior can be significantly enhanced by increasing slightly the cover depth specification of the current UHPC Structure Design Guideline from the maximum value between 1.5 times of rebar diameter and 20 mm to the maximum value between 1.5 times of rebar diameter and 25 mm.
Conclusions
This study conducted pull-out test and flexural bond performance test taking the rebar diameter, the concrete cover depth and the lap-splice length as main test variables in order to evaluate the bond characteristics in 180-MPa UHPC flexural members considering the lap-splice length and cover depth. The following conclusions can be drawn.
1) The minimum lap-splice length evaluated in the pull-out test averages about 1.85 times the rebar diameter when neglecting the margin. This represents approximately 1/8 of the lap-splice length provided by the design formula for ordinary concrete that does not consider the characteristics of UHPC and means that the lap-splice length can be reduced significantly.
2) Considering the minimum lap-splice length evaluated in the pull-out test, the lap-splice length was increased to 2.2, 3.0, 4.0 and 5.5 times the rebar diameter in the flexural members. The results showed that the expected improvement of the performance could not be achieved when the cover depth was not completely secured even if the lap-splice length was increased.
3) When the cover depth was secured, stable load bearing capacity and ductile capacity could be secured even with the minimum lap-splice length corresponding to 2.2 times the rebar diameter. The lap-splice length corresponding to 5.5 times the rebar diameter proposed in the current UHPC Structure Design Guideline was seen to provide a margin of 250% compared to the length of 2.2 times the rebar diameter and to secure sufficient safety as well as to offer a rational value reflecting the outstanding characteristics of UHPC.
4) In case of small rebar diameter like D10 or D13 in the K-UHPC structure, a value of 20 mm is prescribed for the minimum cover depth. However, in view of the experimental results, it seemed recommendable to increase slightly this value. Besides, in case of large rebar diameter like D19, stable performance could be achieved even with a minimum cover depth of 28.8 mm corresponding to 1.5 times the rebar diameter. Accordingly, the stability of the structural behavior can be significantly enhanced by increasing slightly the cover depth specification of the current UHPC Structure Design Guideline from the maximum value between 1.5 times of rebar diameter and 20 mm to the maximum value between 1.5 times of rebar diameter and 25 mm.
